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@ ApplIcetionoftetretMetiilvatoaealnbtoeleetroeheiiileBlproeeaaea. 

(gv eiMtoctrochemleal prooesMs uae teirathlafulwalcnes 
(TtF) as a mediator of electron transfer between blologlcel 
systeme and eteecrooea. Typically It finds use In Oloelectro- 
chemfcol essaya, e^. IrtvoMne fliucoee oxidase mediated 
oxidation of glucose. The TTF may be Immobilised on the 
electrode surfaoe, as may one or more enzymes Involved in the 
process. 
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Doscrfptfon 

APPLICATION OF TETRATHIAFULVALENES IN BIOELECTROCHEMICAL PROCESSES 

Raid of the frweatlon 
5 The preasnt inventfon relates to the use ot tetrBthiofuhralene (TTF) 




and Hs dertvativM as madistor mof eculea In the transfer of eleetrone between redox eysteme and electrodes In 
bloelectrochemfcaf proceseee. Such prooesses nuy be for eacample bloeteetrochemleal essny procedures, 
biological tUal cefls and bloelectresynthesla of chamteals. 

Background to the fnyentfon 

20 The electraehBmlstry of oxldoreductases has received coneldarabre attentfon In relation to appltcatlons In 
enzyme elacfrodesO-^. Many of the same consfderatlons apply to their use In Immunoassay and other 
enzyme-labelled ass^ e^. DNA and RNA probe ass^. In particutar, highly efflclant eoupllng of enzymlo 
actfvfty to the electrochemical detector Is essential for aeneHlvB and rapid aasaya. A numtsar of approaches for 
tha rBaltsaSon of electron transfer fram biological systama to amperometrte electrodes have been descrlbedL 

2s but arguably the most effective ts the use of taw molecutar weight medtstora to shutUa electrons betvveen tha 
catalyst and an electrode. Various mediators thai have been raported for use In enzyme electrodes, such as 
ferrfc^anldeCB). tetracyar)o-p-qutrux!lm«thane<e)and fiarn3cene(>*01 could aieo be useftd In Immunosensors. 
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Mediated enzyme-finked lmimmoassay« In which a GOO label was mor^ftored using a ferrocena derfvatlva, 
was first reported In 198500). A more elegant poaalbtmy Is the use of the mediator molecule as a label. Weber et 
^ alOO produced a conjugate of morphine and ferrocene carboxylfc acid. They showed that the electrochemical 
03ddatton of tha fBrroeane label waa reduced whan morphine antibody bound the conjugate and used tMe 
principle In a displaoament assay for codeine (aae (a) below). Since the key to pnactSoal osddoreductaaa 
etactrochemlstry Is the availability of a mediator such as ferrocene. It %vas apparent that this prtnctple couM be 
used to trigger an electrochemk»Jly coupled anzyme-cataVsed reaction (see (b) below). 



2 



0234 838 



— <JXs) + O 




--<0 + o@ 



Pt ol ctrod 
♦500 mV 



OS 
OX 



(a) 



-e.g. Airtl mcnihlne \ 4yC@ 
- e.g. Morphine/ferrocene ^ I 
conjugate Gluconat^ / 

^ « e.g. Codeine or morphine ugod 

o.. / OS 



Pt electrode 



Gi\]co$e 




10 



IS 



20 



2e- 



The effective recycling of the fsrroeena by GOD resufts In a further ampriffcatfon of the elgnal over 
elactroehemlcsf noise due to electroactfve eubstancee present In the sample. 30 

Efectrochemlcalty coupled enzyme reactions iriay else be activBftad by providing missing cofactore or 
coenzymesOS). Quinoprotein dahydrogenesee could prove psrtteularly valuable In this respect 

An Immunoassay for prostsUo acid phosphatase (PAP), a pros tate tumor marker from human serum, which 
relies on enzyme amplification Is shown belowds). 



KADP 



|^o>-CD 



electrode 




MAO 



• Ethecaoi 



2Fem(CK)6 



Sl^ezosa AleohoI^eliTdro^eiiase 
KAOH ^ AcetaWehTde 




3S 



40 



4$ 



SO 



6S 



The catalytle aotMty of the enzyme label (alkaline phosphatase) used In a sandwich assay Is monitored by 
The addition of the substrata NADP-^ leading to the formatton of the dephosphoryiatad product NAO«. The 
NAD**- formed enters a redox cycte Involving the enzymes alcohol dehydrogenase and diaphoraae leedlrtg to BO 
the reduction of a mediator (ferrlcyanfde). Electrons from the NAO^/NAOH redox cycle passed via the 
diaphorase to the Feiii(CN)e/Feii(CN)e couple. The reduced species Feti(CN)a was reoxidlsed at a platinum 
electrode at 450 mV versus a saturated calomel electrode producing an amperometrle response. 

Similar principles may be applied to ther afflntty reactfone euch as DNA and RNA prob assays. 
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comprtsfng fin organic solid with mataJ-IIke aleotrf al conductfwfty Corganlc metal'), 'nieao aubatancos era 
formed as charge-transfer complaxee between an elBctron donor molecule and an electron acc ptor 
molecule. The principal Investfgattona have been with 7,73.a-tetracy8noqu!nodlmethane (TCNQ) aa electron 
accepted and N-methyl-phenaaSnium (NMP) as electron donor, but the possibility of TTF^' TCNQ- complexes 
has also been conaideredQ^. However, the present Invention Is daaflng wtth the use of TTF In a dWefont 
context: uncomplexed. as a mediator of electron transfer. 

Summary of the Invsntton 

According to one espect of the present Invention there Is provided a bioelectrochemlcal process Invoh/lna 
electron transfer between a redox system and an electroda, characterised ki that said electron transfer 
mediated by a tetrathfafUfvalene. not being an 'organic metal- complex. The TTF Is preferably deposited on the 
electrode, but may be m aofcitlon* An oxidoreductase enzyme may be (mmobinsed on the electrode. The 
Invention also Includes assay procedure tncorporaflng such processes, and TTF-modWed electrodes tbr use 
In the processes. 

Bftef description of the diHwings 
Further features of the Invention wfl) be described wtth reference to the accompany^g drmfnga. wheraln- 
Fig J shows a diagrammatic croaa-^aetlonal aide view of an electroda; 

Rg^ Is a graph showing currant potential reaponee of a TTF-modmed glucose oxidase electrode; 
Flg^ Is a graph showing a calibration curve of steady atate current versus glucose concentration 1^ a 
TTF-modiHed glucose oxidase electrode: 
Rg^ la a graph showing e pH profile of the TTF-modfffed glueosa oxidase electrode; 
Rg£ le agraph showing temperature response of tha TTF-modified gtuoose oxidaae efectrt>de; 
^ . .f^fl-^ fl'*** ahowfng the effect of nitrogen end oxygen saturation on tha anodic currant of a tvolcal 

2S iTF-modmadglucoss oxidase electrode, at saturating glucose concentration; 

Rg.7 is a graph showing the decay of a typlcai TTF-modmed glucose oaddase electrode at aaturatTng 
glucose caneentrvtlon; ^ 

Rg.8 shows a caHbration curva of a membrane*entrapped glucose dehydrogenase TTF-modmed 
electrode; 

30 Rg^ shows a linear sweep voKammogram of aolubillsed TTF and glucose with (cun« A) and without 

(curve B] glucose oxtdaao; and 

RgiO te a graph showino a callbrailon curve of steady state current versus glucose concantrvdon for a 
TTF-modffled electrode on which GOD has been Immobilised by an Improved proceduro. 

3S Detailed deecrfpflon 

Construction of Beetrode 

A) Asahown InRgJ an electrode 10 is constructed ttam a6.0 mm diameter graphite fbll diso 12 whicfi Is 

3^ ^ ^ ^^^^ «*™ 7-0 diameter, uslna epoxy rum 

40 (AiBldlto - TnwJe Name). IhB rsafn Is allowed to harden ter 20 minutes at 100* C. A 6 cm length of Insulated 

vwrels attached tothe back of tha gn^)hlto foil 12 with sDver loaded epmqr resIn 14 (AraidKe) and 1^ to set 
Tor 20 minutes at 100* C« 

B) » mg of TTF (FLUKA) were added to I ml of acetone and aflowed to dissolve. The electrode 10 was 
prtaced In thto solution and left at 30-Cfortwo hours. Afterttils tf^^ 

45 airdry foreo minutes at room temperature. 

trerwferrad to a aolutton of 20 mg/mf l-cyelohexyl^(2^orphoIIhoeihyl) 
cartsodllmlde metho-p-tokiene sulphonate (Sigma Chemical CompanjO In OS M dtmte buffer pH 6-5 fbr90 
njinuifls at room temperatuni. TWs la a bMfncttonai ilgand to aid ImmoUUsaHon of tfie enzymo on the 
electrtxie through covalent bond&ig between carfxncyl and amino groups. The electrode was rbtsed 
SO ttjorougt)^ In «vater before being placed In 25 mg/ml glucoae oxidase eolutton (EC IX3A Sturoe 

Blochemtala} fr^ 

rinsed In 20 mM phosphate buffer pH 7 and waa ready te use. 
The resulte given below are derived flom eveiaging tha output of Ave electrodes constructed and prepared 
aa above. The output of the different electrodes can vary conalderably and wfll depend to aome extent on the 
5S surface area. However, canoliil construction can Increase the consistency between electrodes. 

Apparatus 

/ffie^aors were opeiated using a BBC 32K microcomputer vCa a programmabis biosensor Interfeca 

^^f^ Z^^i ^^ cunrent potential curve datermlnaUon. A 

a^ted calomel electrode was used as a rsference and the euxlllary electrode was 0X6 mm diameter 

Tha sensor* ware ImmarBed In IS ml of buffer (usually 20 mM phosphate buffer pH 7^), contaln«i in a 20 ml 
gtasa wataNjaekatod cell themiostatied at 2S ± Qj^C unless rtated <MiB,vAoJrJ Ji^^!!^!^ poV^JZ 
as 200 rrrt/ wmrmua Afl/Agci or ioo iHV wsisus saturated ealemal electrode. 
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Suffora and Raapenta 
The standard fcuffar was 20 mM sodium phoaphate pH 7.0 containing OJ M KCI. 
The buffara used for tha pH profllas contained 0.t M KQ and w«rs oa foUowa: 

pH 4.0, 20 mM citric acid-Naa HPO4 5 

pH 4^. 20 mM citric ocld-Naa HPO4 

pH 6.0, 20 mM citric acld-Naa HPO4 

pH 5.8, 20 mM sodium phosphate 

pH 6.3. 20 mM sodium phosphate 

pH 7^, 20 mM sodium phoaphate 

pH 7JS, 20 mM aodlum phosphate 

pH 6.0, 20 mM sodium phosphate 

pH 9A 20 mM sodium carfoonsta 

Buffers used In the three electrode aystem lacked OJ M Kd. Glucose was Introduced Into the system by 
Injection of known volumns of IX) M O-glucose which had been stored ovemtght to allow equmbration of a- and is 
^anomere. Ail chemicals were of analyttcal orsde. 

Calibration of the Enzyme Electrode 

The currant voltage response obtained for the TTF modtfled glucose oxidase (GOD) electrodes la shown In 
Fig^. This was obtained by subtracting the currents gfvan by the electrode In the absence of glucose from so 
currents given by the electrodes in the presence of glucose, at various operating potentials. The plateau 
region from 220 to 400 mV concurs with other unreported data obtained f^ direct current oyolio voltammetry 
of TTF. It was at potentials near the lower end of this region ^t the electrodes wera operated, thus mtnlmleing 
the effect of small fluctuations In the reference potential. whSat aleo mlnlmlalng the amount of 
enzyme-Independent oxidation of redox species present In samples. Control etedtodes lacking TTF or GOD 25 
gave no current In response to glucose. 

Tha electrodes gave e linear ateady-siate cunrent raaponse In the range 0 to 3 mM (Rg^). Above 25 mM 
the calibration cun/e became non-Onear satuivtlng at 70 mM gluoQse. Thia was eonalstent wRh previous 
results using ferrocene(fi) and was considered to be a reflection of the Inherent enzyme kfnetfce of the 
Immobilised glucose oxidase under these conditions. The response of the electrode to gtueose was rapid: the 30 
electrodes typically took 3 to 5 minutes to reech a steady^state current. dOQib of this response being achieved 
60 to 90 seconds after the glucose addltioru The stsndard deviation error bars sfrown In Flg,d for 
measuremants from five different electrodss Indicate the reprodudbinty afforded by thie simple fabrication 
technique. 

35 

pH Proffle of Enzyme Electrodes 

The effect of pH on the anodic current of the electrode was Investigated over the range, pH 4.0 to 9.4 (Fig.4), 
The data In FIg.4 Is expressed as a percentage of the current at pH 7.5 to reduce the error between electrodee 
of different Initial activity. The electrodes demonstrated an optimum at pH 7.6. TTils result Is In agreement with 
data published for the use of glucose oxidase with other artffldal electron aeoeptont08is», compared to the pH 40 
optimum of 5.5 to 5.7 when oxygen Is the electron acceptorOTi. TTF replaces oxygen In tha nath« reaction, this 
greatly reducing the production of hydrogen peroxide. This results In an excess of protons In close proximity 
to the enzyme making the mlcro-envtronment of the enzyme bacome more acfdlo and producing an apparently 
more basic pH optimum for the enzyme. The extremes of the pH range gsva rise to denaturatlon of the enzyme 
electrode. * ^ 

The Effect of Temperature on the Enzyme Electrode 

The effect of temperature on the electrode was Investigated between 4 to 50*C Flg.6 shows the typical 
Increase of en electrode's steedy-state cunrent in response to Incrsaslng tsmpenrture, at saturating glucose 
concentrations (80 mM). Within the linear portion of the graph there was an average increase of L8 )iA/*C. SO 
Above 35*C the plot ceased to be linear due to thennal denaturatlon of the enzyme electrode. When 
maintained at temperatures ebove 35'C the current feQ rapldfy. this affect being more severe at higher 
temperatures. 

The Effect of Oxygen on the Enzyme Electrode 55 

Rg. 6 Is a grapli showing the ettact of nitrogen end oxygen saturation on the anodic current of a typical 
TTF-modlfied glucose oxidase electrode, at eaturatlng glucoee concentration (Glucose - KX) mM). 

Peak currents achieved from tha electrodes when operaOng in osygen-eatuiated buffer were l5.l<Vb ± 
5.96<Vb (n » 5) lower than the peak currenta obtained \t\ nitrogen sstumtsd buffer. The electrodes wera poised 
at a low potential (200 mV versus Ag/AgCQ and any HaOa produced would not have bean oxidised by the 60 
electrode. The oxygen Interference effect was the result of competitian between TTF and oxygen for eleotrona 
from the reduced enzyme, highlighting the need for a mediator to have a high afMty for I etrone and Itat 
electron transfsr kinetlca. When the electrodes were operated In air saturated buffer the reduction In currant 
due to oxygen In th air was I as than 5^. Under normal perating conditions, therefore, oicygen Interferanoe 
would be neflllaibr*. SS 
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stability of th glectrodeg 

conSJSSrKJSTi'StS'."'''^'"'^ "^''^'^ IactrcdBat«turatfnBflIuc«e 
h»]I?fri7c'L"^*^*"*'?J*^ T satumung ghicoaa concantrailans (80 mM) the peak current had a 
eorwumptton of the glucose by glueose oxidase, since farther addlttona ol glueoie tfdn^t oKSe to Kte^ 
aohnty eou^d be ragalnedL Whsn this preeess waa repeated with the eame alaetredM almllar recute were 

^ * *^ *'™ produced normal responsea to addtt^urS 

jucosa^ecu,rentaachl««11tomtheel^^ 

TTF-modWed Glueoaa Dehvdregenase 

TT» uaaftilnew iiW wUi a oanydrogenasa. quhiopretBln gkicosa dahydrDoanaae {EC U^JT) was 
studied. This MAOMiHtependerttfUcoaedehydregonaaeta of part^ 

«l»ctredeawere constructed and set up as daeerfbed prwrfously. A standard dialysis membrane 
wasboflad biVM* EDTA for IS minutes and then thoi«ughly wulhed in |ir«M\^. ThTnF 

t^S^^^^-T*?^ ^ wnoentraled gluoose^^rSenaie^uSd 

from Aqnetobacter cateoastlcua (SO pi) was applied to the surteoa of the elertrode and »^^S»d bSSd a 

As shown In a. the elaelrode aave a linear staadiHrtate currant response fri the ramis <W0 mM. Abova 
this t^ue the callbntiton curve became non-Unear saturating at ca. 50 mS Thus^glucSemF wS readH^ 
transfer electrons from Qlueoaa det^dragenass. hwwmw i ir wis rBaany 

^ The Use of TTF with L-a mlno^d Oxidase as an L-amlno-add aenaor 

Prwminaiy expenmsMB were also pertormed on on L-«nlno add sensor ualna TTF as a mediator. L-«mlno 
acid sensors were eenstnietsd essentialV as deecribed by CNcks et al Ml. wmTthe axeeiSonthrt TTFw2 

In'^e'Tn'T^tJ^rS^ 
3S ob-en^d-The^, results suggest th« Lnurtno add oxWaae I, 



Sgg^n -Transfar from Glucose Oxi dsse to a Qraphte Beetrode In Aqusous So lution 
..^^"^T^^^:!^' " P«p5rty wwch allows Ktoba readrfy entrapped at an etectroda 
surface when used in buffered solutlan. It is, howsvsr. somstlmaa dsslrable XouMtn^tan^^^^ 
^^^'^f^* ^ hvesflBste the kheflcs of electren fransfer tiom onzyrnw to nSS^<?f^?S^ 
electrochemical enzyme ampOHcadon and tabalDng syslsma. n «» •» m-nwoni or lor use in 

« mg of TTF was dlssol»«d In I n« of TWw-ao Oirads Mark). TWe solutfon %vas ms^ 
addibon of a potential ramp generator. A 5 mm diamater glassy carbon worWna eiaetrade bmi a 

the TTFsolutlon and 30O Id oflMglucosa-Uhaar sweep vo^ 

HTvI'SSS: ^^"^ """^ 300 pi of 20 mg/ml gblcUa o4laa.^MSSwS^^^ 
«iJ*t^SIL5l*?2" <^ Ho. a signlllcant aleetron tnansfar from the glucose oxidaae to the aleetrode via TTF 
peak of TTF determlnad by cyclic voltanwby. wuoraon 
Sensor with Improved Enzyme ImmebUlasaon 

^^^^^^^^^^S^^"^ ImmoblOsed electrodes, the llfMme of the electrodte 
w be taprwad wim a supanor immobilisation method. Glucose oxidasa Is a glyceenMna (containino I6«l* 

^S^JiS!' H!" to ««yn«« moleeulee togethi^iS^iSfSTSafts 

carbohydrate chains rather ttnn through amino add residuason. wbsowib «« na 

miI?2.^S'^^2^"i?£l2? 'Z'*^' dissolvwd With 10 mg sodhrnHneta-pettodsta In 5ml 200 
a^S^! "JS?^* ovemlghtin the daifcat4-C.Theea^ was desalted udngaSwha^ 

Q.^ column (Phsrmachi P^IO prapaeted column); The resultant perfod^ oxidised enzyme wau^n^WBd 
tl^J^ "'I" ^ fraphh base electrodes were Imme^ZTtrT. ^^u^^ 

6S haicadeey(wn)n» In •thwun (I m«/mn tor is minwts*. Tho eiaoiredes were ramovBd. shaken and aOewed to air 
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dry. The diy electrodoa were then placed in a solution of TTF In ac tone (10 mg/ml) and left for I h ur at ro m 
temp r^ure, removed, shaken and allowed to air dry. FoNowlng this procedure, the electrodes were placed 
Into the perlodate-cxidlfled glucose oxidase solution and Incubated at room temperature tor 90 minutes. After 
removal from the enzym solution the electrodes worB Immediately placed In a solution of adlplc dlhydrazldo In 
100 mM sodium acetate buffer, pH SS (Z6 mg/ml) and leftfor 30 minutes at room temperature. The electrodes 5 
were then rinsed In distilled water and were ready for uae or storage m 20 mM phosphate buffer pH 7S at 4"C 
As shown m Fig, 10, the electrodes gave a linear steady-state cun^nt response In the range 0-15 mM glucose' 
Above 16 mM the calibration cunre became non-linear as ti,e glucose conccntrsflon approached electrode 
saturation. The cunrent response of the electrodas was high. The response of the electrode was rapid and 
conrvarable to that achieved with cartodllmlde treated slectrodes. taking M minutee to raa^ cteady-stata io 
ourrant, SOM> of this response being reached In 60^ seconds. The half^e decay of this electrodes* response 
at saturating glucose concentratkm (50 mM) wae ca. S.6 houra. This was en Improvement of some 3 houre 
over the carbodUmlde treated electrodes. This metfiod con be further Improved by the use of oetlodata 
oaddlsed dextran to cross-nnk ths enzyme with adiple dlhy^azfde. ^ 

Conclusions 

Enzyme electrodas based on TTF exhibited fast electron transfer, low oxygen Interference and a rapid 
response time with reproducible perfonmanoe between electrodee. The effect of pH agrees wfth other 
pubHshed data regarding glucose oxidase and artfflctaJ electron acceptorsOWd). The pM optimum, however, 
was more marked than data presented on pH dependence of ferrocene mediated glucose oxidase 20 
electrodes(8>. Preconditioned electrodes were reasonably stable and may be suitable for uae In •one-shof 
tests using disposable electrodes. Short term continuous use would also be possible. 

These results demonstrate that TTF Is a useful and versatQe medtator of electron transfer between biological 
systems and electrodes. Blokiglcal systems nrwy be enzymes, cell fragments. Intact cells, tissues or enzyme 
labelled affinity reactions. TTF derivatives, such as mono- or potyNcartoxyllo acid derlvatlvee or mono- or 2S 
poty^lno derivatives, may be preferable to TTF Itself In some drcumstances: for example In prtMdlng 
greater solubility where the TTF Is to be used In soluiten, or In providing side groups for linking the TTF 
molecule to the electrode surface, an enzyme, or both. Thus, TTF will be useful m a number of eonflgurvtlona 
which have previously been demonstrated with other medlatore. These Include: 

(I) linking a TTF derivative such as monocarboj^lc ackJ to an enzyme thus rendsrlno It 30 
electroohemicaily actlve(20>: 

(fl) the use of medlatore for affinity assays (Immunoassay, RNA probes and DMA probes) either as a 
soluble mediator or a derh^atlve which is cleaved and then takes part In or acth^tes en electrochemical 
reaction^ 

(III) electrochemlcal^pllc^tibna such as biological tUel calls and bloelectrosynthesJs of chemicals. 3s 
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Claims 



1. A broslactrochamlcal process (nvoMng efactron transit bstwean a redox oystem end an eloctrotf a 

t^^^^^i^'^''^^ *^ ""^"^ ^ * tetrathiahilvajena. not being on alactricau; 

conducth/o charge-transfer complex vvfth an alactron acceptor moto^ 

2. A proceaa according to cfafm I wherein the tatrBlhlaftjtvarene Is In solution 

a A process aocordtng to clabn I wherein the tetnathtafijh«lene Is deposited on said electrode 
4, A process according to any one of the preceding claims wherein said electrode has Immobilised on It 
an oxldoreductaseen2ymethflttakaa part in said process, »«««maDnis«aonii 

wf/i;i^f ^ ^ "^^^ ^ •'^^ ^ * glycoprotein Immotrinsad on the electrode 

via Its cartiohydrata grot^tsu 

nf fli™*^2S^^ any one cf the preceding claims whareln the process Involves the oxidation 
or glucose ata(yeed by the enzyme glucose oxidase or glucose dehydrogenase or the oxidation of an 
amino ecld by smlhoecldoxfdaae. uw e«a«Hon or an 

7, An essay procedure which comprises a procsss eccording to any one of the preceding claims. 
8 An assay procedure according to claim 7 wherslh the proceaa oomprfses an enzyme-labeUed smnlty 
reaction. ' 



9- An electoode for use In a bbofectrochemlcal process of dalm I, said electrode comprfsing a 
conductlwsurfaceonto%vhIchatBtrathlafUlwalenelsdeposlted. <h'««"ji » 

la An electrode according to claim 9 wheraln said conductive aurftee comprises graphite 
IL An electrode according to claim 9 or dalm K) wherein ttie conductive aurtea^ alao has an 
oxtdoraduotase enzyme Immobnised on tt. 

12. An electrode amrdlng to dalm U wheraln the enzyme fs a gfycoprotetn and la Immobniaed on the 
conducth/e surface vta Its carMiydrate groups. ~«m»«uonTO 
13- An electrode according to claim U or dalm 12 wherein said enzyme Is glucose oxidaee 
M. A bloelectroehemlcal cell IncorpoTBttng an electrode of sny one of claims 8 to 13. 
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